ABSTRACT Cells communicate with neighboring cells and condition their local environment by secreting soluble factors into the extracellular space. These well-studied facets of cell biology are essential for the establishment and maintenance of physiological homeostasis. However, accumulating evidence has revealed that specific ligands, enzymes, and macromolecules are distributed into the extracellular space by virtue of their association with small vesicles, which are released by a variety of cell types. Although the biological significance of such vesicles was initially debated, purification and subsequent functional studies have shown that these extracellular vesicles are bioactive organelles carrying a wide range of protein and nucleic acid cargoes. In many cases these vesicles are laden with molecules that are involved in cell signaling, although other diverse functions are being revealed at a rapid pace. In this Perspective, we discuss recent developments in the understanding of the major pathways of extracellular vesicle biogenesis and how these vesicles contribute to the maintenance of physiological homeostasis.
INTRODUCTION
Cells play an active role in shaping their local environment by releasing factors that either affect neighboring cells or manipulate the biochemical properties of the extracellular milieu. Although soluble protein ligands have received the most experimental attention in this regard, a rapidly growing field of investigation suggests that these events are also mediated by small extracellular vesicles (ECVs). Indeed, ECVs are now known to affect processes ranging from immune signaling to angiogenesis to detoxification of bacterial products (Thery et al., 2009; Mause and Weber, 2010; Shifrin et al., 2012) . In these cases and many others, ECVs facilitate the distribution of specific cargoes that mediate communication with or coercion of other cells or the conditioning of the extracellular environment. ECVs range in size from ∼50 to 500 nm and are typically enriched in specific proteins and lipids, which differentiates their composition from that of the plasma membrane (Mause and Weber, 2010) . One challenge for investigators new to this field is the variable and confusing nomenclature that exists in the ECV literature; this is primarily a result of the many cellular sources, isolation procedures, and apparently distinct mechanisms of formation. For the purposes of this discussion, we group ECVs into two broad categories that are distinguished by their mechanism of formation: exosomes and ectosomes. Exosomes (40-100 nm) are likely produced through an exocytic pathway via the formation of multivesicular bodies (MVBs) and their subsequent fusion with the plasma membrane (Mathivanan et al., 2010) . In contrast, ectosomes range from 100 to 500 nm in diameter and are released through outward budding of the plasma membrane. Other names for ectosomes one might encounter in the literature are "microvesicles," "membrane particles," "microparticles," or "nanoparticles" (Bastida et al., 1984; Thery et al., 2001; Cocucci et al., 2009; Mathivanan et al., 2010; van der Pol et al., 2012) . Both exosomes and ectosomes are formed such that the original plasma membrane topology is maintained, that is, vesicles are released into the extracellular space with membranes "right-side out" (van der Pol et al., 2012) . Exosomes and ectosomes are produced by a vast array of cell types in a variety of physiological contexts, suggesting that they may contribute to many essential aspects of cell and tissue function, some of which will be discussed in more detail in what follows. during ectosome shedding directly from the plasma membrane (Nabhan et al., 2012) . Another parallel with exosome production is related to the significance of specific lipids in vesicle budding from the plasma membrane. ECVs of both types are enriched in cholesterol, ceramide, and other lipids implicated in raft formation. In glial cells, for example, production of ceramide is believed to promote membrane curvature during ectosome formation (Bianco et al., 2009 ).
An alternative pathway for ectosome formation might involve actin-based motors. In the context of the enterocyte brush border, the membrane-binding motor, myosin-1a (Myo1a), distributes along the length of the microvillus, where it exerts plus end (tipward)-directed force on the apical membrane (McConnell and Tyska, 2007) . This activity leads to the accumulation of membrane at microvillar tips, which in turn drives the formation and release of ectosomes into the gut lumen (80-100 nm in diameter). Mice lacking Myo1a produce fewer ectosomes, and those that are released lack characteristic enrichment of cargo molecules, such as the host defense factor intestinal alkaline phosphatase (McConnell et al., 2009) . Although the involvement of Myo1a in this system is likely an adaptation linked to the unique morphology of the microvillus, these studies suggest that manipulation of plasma membrane mechanics is of central importance to the mechanism of ectosome formation.
PHYSIOLOGICAL ROLES OF ECVS
ECVs are released from a variety of "donor" cell types and contribute to an array of physiological processes. In this section, our discussion of ECV function is organized according to physiological context; key examples and relevant references are highlighted in Table 1 .
Development
Although relatively little is known about ECVs during vertebrate development, several reports provide clues as to how these vesicles might contribute to normal morphogenesis. ECVs are detected in the peripheral circulation of pregnant women, and ECV cargoes vary based on the phase of gestation (Abrahams et al., 2004; Frangsmyr et al., 2005; Atay et al., 2011; Clifton et al., 2012) . Although it is unknown how ECVs act during gestation, studies have shown that proteins with established functions in development are found in ECVs. For example, β-catenin, Wnt, GSK3, and the Wnt cargo receptor Evi are components of exosomes purified from cultured human (HEK293, Caco-2) and Drosophila (S2,Kc167) cells (Chairoungdua et al., 2010; Taelman et al., 2010; Gross et al., 2012) . The function of β-catenin-and Wnt-containing exosomes is not clear, but given the central role these proteins play in tissue and organ development (Petersen and Reddien, 2009) , it is tempting to speculate that their function may be facilitated by distribution in ECVs. In addition, sonic hedgehog (SHH) is contained in ECVs from activating T lymphocytes, and these vesicles appear to function in promoting neovascularization (Soleti and Martinez, 2012) . SHH has critical functions during embryogenesis, including patterning of the nervous system (Fuccillo et al., 2006) and development of the gastrointestinal system and other endoderm-derived organs (van den Brink, 2007) . Thus, with high concentrations of the morphogen, it seems likely that SHH-containing ECVs could exert effects on developing organs and tissues. Taken together, the results of these studies are suggestive of developmental roles for ECVs, but future studies are warranted to clarify functional roles and molecular mechanisms. 
MECHANISMS OF ECV FORMATION Exosome biogenesis
Although the molecular details underlying exosome production remained unclear for many years, recent models have converged on a late-endosomal, MVB-dependent pathway (de Gassart et al., 2004; Hurley and Odorizzi, 2012) . How specific cargoes destined for exosomes sort into these membranes and how differentiated vesicles bud into the lumen of the MVB are still matters of debate. An initial lipid-centric model suggested that ceramide enrichment in endosomal membranes was a major driving force (Trajkovic et al., 2008) . Because of the small size of its head group, ceramide may directly influence the shape of the membrane to promote bending and downstream budding of vesicles. This model also invokes ceramide in the formation of raft-like domains that presumably function to sort specific cargo molecules into exosomal membranes, although this point has not been tested directly. A second model that has gained support more recently suggests that exosome formation follows a mechanism that parallels the endolysomal degradation pathway, which relies on the function of endosomal sorting complex required for transport (ESCRT) machinery to generate MVBs (van Niel et al., 2006) . Indeed, RNA interference silencing of the key ESCRT components tumor susceptibility gene 101 (TSG101, ESCRT-I), vacuolar protein sorting (VPS) 22 (ESCRT-II), charged multivesicular body protein (CHMP) 2A, CHMP4A/B/C (ESCRT-III), VPS4A/B, or ALIX (an ESCRT-III-interacting protein) significantly reduces exosome production in MCF-7 cells (Baietti et al., 2012) . Other studies reported decreased exosome secretion from dendritic cells after silencing of the ESCRT-0 protein hepatocyte growth factor-regulated tyrosine kinase substrate (Hrs; Tamai et al., 2010) . Cargoes destined for endolysomal degradation are selectively recruited to the limiting membrane of the MVB through a process that involves their ubiquitylation and subsequent ubiquitin-dependent interactions with ESCRT-0, -I, and -II (Raiborg and Stenmark, 2009 ). However, ALIX can bind directly to exosomal cargo molecules, which might represent a ubiquitin-independent recruitment mechanism and also provide a point of distinction between sorting into exosomes versus endolysosomes (Baietti et al., 2012; Hurley and Odorizzi, 2012) . Although the extent of functional overlap between the ceramide-dependent and ESCRT-dependent pathways outlined here is unclear, the mechanistic details will likely become the focus of future studies.
After MVB formation, a subset of these organelles fuse with the plasma membrane and release their constituent exosomes (Thery et al., 2002) . Although little is known about the direct regulation of MVB fusion with the plasma membrane, it appears that several Rab GTPases, including Rab5, Rab27, and Rab35, are involved in exosome secretion (Vanlandingham and Ceresa, 2009; Hsu et al., 2010; Ostrowski et al., 2010; Baietti et al., 2012) . Further investigation will be needed to clarify the role of various Rab proteins in MVB fusion with the plasma membrane and exosome release.
Ectosome biogenesis
Although comparatively little is known about the details of ectosome formation, evidence suggests that ectosomes are produced not from an endomembrane system as for exosomes, but by direct budding from the plasma membrane (Thery et al., 2009) . Despite this seemingly significant mechanistic distinction, proposed models of ectosome formation include elements that are common to the production of exosomes. For example, the topology of outward budding from the plasma membrane is equivalent to budding into the MVB lumen. Thus one might expect the ESCRT system to be involved in ectosome formation. Indeed, recent studies revealed that arrestin-domain containing-1 (ARRDC1) interacts with the ESCRT component TSG101 can also release ECVs, which target immune cells and activate innate responses ( Dreux et al ., 2012 ) . For example, hepatitis C-infected cells release viral RNA packaged inside exosomes (genetic material is a common ECV cargo), which are then taken up by plasmacytoid dendritic cells ( Dreux et al ., 2012 ) . Moreover, ectosomes shed from intestinal epithelial cells are highly enriched in intestinal alkaline phosphatase and serve to both detoxify soluble bacterial lipopolysaccharide and inhibit bacterial colonization of the intestinal "transfected" fibroblasts with nucleic acid-containing ECVs isolated from adult mouse cardiomyocytes and demonstrated that genetic material from ECVs is transferred into target cells, where it induces changes in gene expression. Similarly, ECVs isolated from endothelial progenitor cells were able to stimulate vessel formation in culture and in an SCID mouse model, a process dependent on mRNA contained in the ECVs (Deregibus et al., 2007) . In disease states, cardiovascular ECV production is upregulated, such as increased vesicle shedding observed in preatherosclerotic areas of the aorta (Bobryshev et al., 2012) and in cases of prothrombotic anemias (Zwicker et al., 2011) . Bastida et al. (1984) described ECVs from isolated human glioblastoma cells that contain factors capable of activating clotting and platelet aggregation in vitro; this work is consistent with earlier findings of ECVs isolated from human breast cancer and guinea pig hepatocarcinoma cells (Dvorak et al., 1983) . A notable feature of glioblastoma ECVs is their potent activity, showing up to 10-fold greater procoagulant activity compared with cellular membrane fractions. Similar to other systems, this finding demonstrates the utility of ECVs as distributors of a highly concentrated biological activity, allowing source cells to propagate the relevant signal in a targeted, efficient manner.
Nervous system function
In neural tissue, exosomes are released from many cell types (Turola et al., 2012) , whereas ectosomes are shed by microglial cells (discussed earlier), neurons (Schiera et al., 2007) , astrocytes (Bianco et al., 2005) , and possibly oligodendrocytes (Turola et al., 2012; Verderio et al., 2012) . Neuronal ECVs are enriched in fibroblast growth factor 2 (FGF2) and vascular endothelial growth factor (VEGF) and could function in regulating angiogenesis (Schiera et al., 2007) . Astrocytic ECVs carry IL-1β, implicating the organelles in the mediation of immune responses, and an examination of oligodendrocytederived ECVs from patients with multiple sclerosis also suggests a role in proinflammatory signaling . Faure et al. (2006) demonstrated the release of exosomes from neurons and astrocytes, which contained the GluR2 subunit of the glutamate receptor and other proteins. Although further work investigating the function of neuronal ECVs is needed, this and a subsequent study (Lachenal et al., 2011) suggest that neuronal-derived ECVs play a regulatory role in the CNS for neuronal plasticity, perhaps by recycling or disposing of various receptors or by transferring cargo proteins to receiving cells. ECVs were long believed to be a general cellular "trash disposal," an idea that was mostly discarded as investigators discovered specific ECV functions. In the nervous system, however, removing cellular detritus is still considered a primary function of ECVs and one that may play a significant role in maintaining homeostasis by regulating receptors on the cell surface and removing pathology-inducing proteins targeted for degradation (Von Bartheld and Altick, 2011) .
ECV FUNCTION IN DISEASE
Based on the broad contributions to normal physiology, it is perhaps not surprising that ECVs play roles in numerous diseases (atherosclerosis, coagulopathies, inflammation, infection and autoimmune disease; Thomas and Salter, 2010; Zwicker et al., 2011; Bobryshev et al., 2012; Dreux et al., 2012; Verderio et al., 2012) . However, here we focus on their role in cancer. A key finding that first implicated ECVs in cancer was the discovery that membrane vesicles shed from metastatic cells could induce lung metastasis (Poste and Nicolson, 1980) . Early research on exosomes in the immune system (Chaput et al., 2004) led to their eventual identification as vesicles secreted from both mouse and epithelial surface (Shifrin et al., 2012) . Lumenal ECVs are shed constitutively, as they can be isolated from the small intestine of uninfected rodents and sterile cell culture models. However, ectosome production increases dramatically in the presence of bacterial pathogens (Shifrin et al., 2012) . Similarly, ECV shedding from macrophages and microglial cells is dependent on activation of the ATP receptor and ligand-gated ion channel P2× 7 , which can be induced by exogenous ATP (e.g., as a result of cellular injury) or through normal ATP release into the extracellular environment of astrocyte-microglia cocultures (Bianco et al., 2005; Thomas and Salter, 2010) . P2× 7 can also be activated during sterile inflammation (Thomas and Salter, 2010) . ATP released from astrocytes in culture is sufficient to stimulate ECV release from microglia (Bianco et al., 2005) ; these vesicles carry proinflammatory cytokines, including interleukin 1-β (IL1-β), and are capable of activating other macrophages and perhaps dendritic cells (Thomas and Salter, 2010) . Activation of macrophages by ECVs suggests the initiation of a large-scale inflammatory response. However, it is possible that in some instances the targeted, local activation of ECV shedding through TLR4 signaling or other inflammatory mechanisms could actually prevent such a system-wide process. By releasing lumenal ECVs to combat bacterial attachment, for example, enterocytes could mitigate the spread of infection, thereby abrogating the need for mounting a systemic anti-inflammatory response (Shifrin et al., 2012) . In the case of virally infected cells, host cells use ECVs to communicate with neighboring uninfected cells, which serves to initiate an immune response (Dreux et al., 2012) . This allows an appropriate local-scale response without hyperactivating the immune system or further spreading the pathogen.
Bone formation
Matrix ECVs found in the epiphysis of long bones bear a strong resemblance to ECVs shed from enterocyte microvilli. Matrix ECVs are ectosomes released during the calcification process and are highly enriched in tissue-nonspecific alkaline phosphatase (Golub, 2009 (Golub, , 2011 . This enzyme decreases the concentration of inorganic pyrophosphate, increases that of inorganic phosphate (P i ), and as a result promotes hydroxyapatite formation and bone mineralization (Golub, 2011) . Although isolated from entirely different contexts, microvillusderived ECVs and matrix ECVs share a common function in biochemically conditioning their local microenvironment. In the former case, dephosphorylation of lipopolysaccharide (LPS) by alkaline phosphatase significantly reduces LPS toxicity (Poelstra et al., 1997) ; in the latter, production of P i is critical for proper assembly of normal bone. In both systems, however, the ability to produce ECVs with specific, enriched catalytic activity is needed for maintaining homeostasis.
Distribution of catalytic activity is not the only function of EVCs in bone; however, as Aliotta et al. (2007 Aliotta et al. ( , 2010 ) discovered that marrow cell phenotype is altered by lung-derived ECVs through transfer of mRNA, aiding in recovery of lung tissue after injury. This suggests that ECVs may be involved in regulating stem cell fate decisions during tissue repair by regulating gene expression.
Cardiovascular function
In the cardiovascular system, circulating ECVs are released from virtually every cell type, including platelets, immune cells (van der Pol et al., 2012; Lo Cicero and Raposo, 2013) , and endothelial and vascular smooth muscle cells. In some cases, these vesicles were shown to participate in the coagulation process (Cocucci et al., 2009) , whereas other work revealed that cardiovascular ECVs can distribute HSP60 (Gupta and Knowlton, 2007) . Waldenstrom et al. (2012) ECVs act to enhance metastatic properties of recipient cells. Future studies are needed, however, to identify the mechanisms by which ECVs exert these actions.
COMMON THEMES AND CONCLUSIONS
Despite the diverse physiological contexts highlighted here, ECV functions generally partition into one of four categories: regulation of gene expression, induction of signaling, distribution of catalytic activity, and disposal of cellular "trash" (Figure 1 ). Even more broadly, ECVs serve to protect, concentrate, or remove cargo. Genetic material must be protected from degradation as it is transported from source to target cell. Ligands or receptors may need to be concentrated in order to efficiently activate a signaling cascade, whereas catalytic activity may be enhanced by concentrating an enzyme on the surface of an ECV. All of the studies highlighted here suggest that ECVs are highly adaptable cargo-carrying platforms.
Given that discoveries from the last decade have demonstrated the near-ubiquity of ECVs, several new areas of investigation will be human tumor cells (Wolfers et al., 2001; Andre et al., 2002) . Although we do not fully understand the differences between ECV released from normal and cancer cells, recent work suggests that ECVs facilitate horizontal transfer of cargo and harness the activity of these cargoes to stimulate intracellular signaling pathways, promoting tumor progression (Muralidharan-Chari et al., 2010; Lee et al., 2011; Demory Beckler et al., 2013) . Although we focus on protein cargo of ECVs in the subsequent discussion, it is becoming increasingly apparent that these vesicles contain DNA and RNA, which may also confer important proneoplastic effects (Valadi et al., 2007; Skog et al., 2008; Hong et al., 2009; Pisetsky et al., 2011) .
Oncogenes represent an important class of active ECV cargoes that modulate recipient cells. Tissue transglutaminase (tTG)-containing ECVs purified from cancer cells induced NIH 3T3 cell survival and anchorage-independent growth, effects that were linked to transfer of tTG via ECVs. Moreover, exosomes purified from colon cancer cells transfer mutant G13D KRAS and induce anchorage-independent growth and colony formation in three-dimensional collagen matrix, further suggesting that oncogene-containing exosomes promote cancer-related phenotypes (Demory Beckler et al., 2013) . In addition, treatment of mildly aggressive glioma cells with EGF receptor variant III (EGFRvIII)-containing ECVs increased observed levels of EGFRvIII in these cells, which may be partly responsible for the observed increases in VEGF production and anchorageindependent growth of recipient cells (Al-Nedawi et al., 2008) . Not surprising, given the variety of cargo and roles in intercellular communication, it seems that in addition to promoting cancer phenotypes, ECVs also carry tumor suppressors. A recent study showed functional PTEN in exosomes purified from fibroblast cells and that treatment of cells with these exosomes reduced cellular proliferation (Putz et al., 2012) . Combined, these data provide strong support for ECVs as vehicles for protein cargo transfer to recipient cells, allowing for promotion and suppression of tumor-related phenotypes.
In addition to inducing features of tumor initiation, data indicate a role for ECVs also in promoting angiogenesis, invasion, and metastasis. ECVs contain a wide variety of prometastatic cargo, including insulin-degrading enzyme, matrix metalloproteinases, tetraspanins, heat shock proteins, plasminogen, integrin family members, and growth factors (VEGF and FGF; Graner, 2011; D'Souza-Schorey and Clancy, 2012) . Proangiogenic effects of ECVs include enhanced endothelial cell tubule formation and vascularization of in vivo Matrigel plugs (Hood et al., 2009; Mineo et al., 2012) . Cathepsin B-containing ECVs and EGFR ligand-containing exosomes are two examples of ECVs that elicit recipient cell invasion in vitro (Giusti et al., 2008; Higginbotham et al., 2011) . Luga et al., (2012) recently reported that exosomes secreted from fibroblasts enhance breast cancer cell motility and metastasis, a mechanism that was suggested to require exosome association with Wnt11 and activation of recipient breast cancer planar cell polarity proteins. This study provides additional support for the cross-talk of stroma and tumor and implicates stromal fibroblast ECVs in cancer progression. The identity of cargoes packaged in ECVs and their ability to induce invasion both support a role for these vesicles in promoting metastatic phenotypes.
Several key in vivo studies demonstrated the ability of ECVs to prime metastatic niches. Melanoma exosomes selectively home to and prime sentinel lymph nodes for melanoma cell metastasis (Hood et al., 2011) . Similarly, pretreatment of mice with melanoma exosomes results in accelerated lung metastasis (Liu et al., 2010) . Finally, it was recently reported that melanoma exosomes reprogram bone marrow-derived cells to a more provasculogenic phenotype that supports enhanced tumor growth and metastasis (Peinado et al., 2012) . Taken together, these reports strongly indicate that important for developing a full understanding of these organelles. More detailed studies of exosome and ectosome formation will provide much needed clarity into the distinctions between these two pathways. Moreover, very little is known about how ECVs are captured by recipient/target cells. Initial studies implicate specific lipids (e.g., phosphatidylserine) and integrins in this process, but the details are only beginning to come into focus (Deregibus et al., 2007; Iglesias et al., 2012) . Once precise mechanisms of ECV tethering, fusion, and/or internalization with target cells have been established, understanding the transfer of enriched cargo molecules and downstream effects can be clarified.
Translational applications of ECV biology are in their infancy but include their use as therapeutic delivery vehicles and disease biomarkers. Recent studies showed that stem cell ECVs are able to reprogram diseased cells (Iglesias et al., 2012) , and "custom" ECVs are capable of delivering experimental cargoes (Mangeot et al., 2011) . Other potential ECV-based therapies, such as tissue repair and revascularization, are being investigated . ECVs also serve as attractive biomarkers of disease progression. In addition to blood and serum, ECVs can be purified from other biofluids, such as urine (Dear et al., 2013) , and their cargo composition and rate of production are altered in various pathologies. However, a better understanding of ECV formation, uptake, and function is needed to expand current studies of ECVs as therapeutic delivery systems (Mangeot et al., 2011; Lee et al., 2012) , tailor synthetic ECVs for treatment of disease, or use these organelles as biomarkers.
